Production of multi strange hadrons like cascade (Ξ) and omega(Ω) baryons are studied microscopically using rate equation at LHC energy. The rate equations for Ξ, Ω are solved simultaneously with other strange hadrons in an expanding medium. The results for Ξ and Ω are compared with the data obtained from Pb-Pb collisions at √ s NN = 2.76 TeV from ALICE experiments. The ratio of yields of Ξ and Ω to π are analysed with various initial conditions and compared with the experimental observations made for various charge particle multiplicities.
Introduction
Recent measurements of multi strange baryons, Ξ and Ω from p-p & p-Pb and Pb-Pb collisions at energies available at Large Hadron Collider [1] [2] [3] show interesting results that led to several intense theoretical activities. The ratios of the yield of Ξ and Ω baryons to pions are observed to be enhanced with multiplicity at √ s NN =2.76 TeV, Pb-Pb collisions [3] . A similar trend has been observed recently in high multiplicity p-p and p-Pb collisions at √ s NN = 7 TeV and 5.02 TeV respectively [1, 2, 4] . From the measurements of 2.76 TeV Pb-Pb collisions, data of Ξ/π and Ω/π are not available at lower multiplicities, below dN ch /dη=35 (corresponding to 60-80% centrality with N part =22.5) [3] to compare with the measurements from p-p (7 TeV) and p-Pb (5.02 TeV) collisions [1, 2, 4] . However, when all available data of Ξ/π and Ω/π at various multiplicities of different colliding energies are put together, it indicates that there is a steady rise in the multi strange hadron yield with multiplicity across all collision systems and then there might be a saturation. But this trend of smooth rise is not manifested strongly in case of Ξ/π and that is clear from the data point corresponding to the lowest multiplicity of 2.76 TeV Pb-Pb collisions [1, 3] . These data are not explained till now with microscopic detail.
Here the attempt has been made to understand the microscopic productions of multi strange hadrons from Pb-Pb collisions at √ s NN = 2.76 TeV.
Strange meson productions in hadronic phase have been studied using several models [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However none of these models explain the production and evolution of multi strange baryons and their enhancement over p-p collisions. Statistical hadronisation model evaluated the integrated yield at those Email address: * jajati-quark@vecc.gov.in (Purabi Ghosh 1 , Jajati K. Nayak * 2 , Sushant K. Singh 2 and Santosh K. Agarwalla 1 ) energies assuming common chemical freeze out temperature for all species [11, 14, 19] including RHIC and LHC energies. However the model could not explain the ratios of multi-strange hadrons at 0-20% centrality of Pb-Pb collision at √ s NN = 2.76
TeV LHC energy while fitting with p/π ratio. Similarly productions of kaons and anti kaons at higher colliding energies such as at RHIC and LHC (also at higher SPS energies) have been explained using models with strange quark evolution assuming a QGP phase [10, 16] . But the multi-strange productions are not explained there. Enhancement of multi strange baryons at SPS energy has been attempted using URQMD in [20] but the data were not explained well and it was argued that the enhanced productions might be due to the topological defects arising from the formation of disoriented chiral condensates (DCC) at the initial stages of collisions where the density is too high. Authors in [21] have made a novel attempt to explain HADES data using minimal statistical hadronisation model and tried to explain the ratio Ξ − /Λ and Ω − /Ξ − in [22] but could not reproduce the data although got the same trend.
In this article, we focus on the microscopic production of multi-strange baryons Ξ & Ω and their evolution for the first time in an expanding hot-dense system as produced in relativistic heavy ion collisions using rate equation. Extensive analysis has been done with various initial conditions and the results are compared with the observations of Ξ/π and Ω/π from Pb-Pb collisions at √ s NN =2.76 TeV [3] .
In the next section the production of Ξ and Ω and their interactions in hadronic matter is discussed in detail. In section 3, the evolution of strange hadrons are discussed along with secondary productions using rate equations. In this section, the equations for temperature and baryon chemical potential evolution are also highlighted. Then the results are presented in section 4 and compared with the experimental observation. Fi-nally, the work has been summarised in section 5.
Multi strange productions in hadronic matter
When the energy deposition in heavy ion collision is more than certain threshold value, an initial quark gluon system may be produced. The hadrons then are produced from the quarks due to hadronization with time as system expands, the process of hadronization is not known clearly till date, but people sometimes consider coalescence or recombination model to explain the scenario of heavy ion collisions at relativistic energies. A fast and sudden hadronization is generally assumed in case of hydrodynamic calculation. On the other hand when the energy deposition is less, then an initial hadronic state is plausible. Then the hadronic system evolves with secondary collisions and continue till the freeze out of hadronic species occur. The produced system encounters a hadronic medium whatever may be the energy deposition such as at RHIC and LHC. In the present article the study focuses on the production and evolution of multi-strange hadrons Ξ and Ω in a hadronic medium. To study cascade and omega it is important to discuss the hadronic interactions those govern the system. To start with, various interactions of Ξ and Ω which are possible in hadronic medium are described below.
The interactions considered for Ξ and Ω productions are as follows;
where N represents nucleon. We have also considered productions of other strange mesons and baryons along with Ξ and Ω which are discussed in the next section. Isospin combinations are also taken into account. The production of the strange hadrons is then studied using transport equation which is discussed later.
Along with these channels the inverse processes have also been considered using principle of detailed balance [23] . There are also other 2 → 3 and 2 → 4 channels those contribute to the strange productions, but their rates of production are much less due to phase space factor, hence not considered here. All hadronic interactions for strange productions are broadly categorised as meson-meson, meson-baryon and baryon-baryon interactions. Each category has dominance over the other in different domain of colliding energies or depending on the system with mesonic or baryonic abundances. The channels for single strange(s=-1)productions and their cross sections are in [24, 25] . See for details [26] . The reaction channels involved in Ξ and Ω productions and their experimental cross-sections are discussed below.
Cascade(Ξ) and Omega (Ω) production
The strangeness content in Cascade (S=-2) and Omega (S=-3) is more. Hence the production of these baryons are mostly from strangeness exchange reaction. To produce a baryon of S=-2 or -3 is more expensive and less probable from the reactions involving non strange hadrons in the initial channels.
Cross sections for Ξ production
The channels involved in cascade productions are
We have considered the cross section from strangeness exchange reactions with a gauged flavor SU(3) symmetry Langragian density [27, 31] as follows,
where,
with B and P representing baryon and pseudoscalar meson octects respectively. But P is the linear combination of both pseudoscalar octet (π, K, η 8 ) and singlet (η 1 ) mesons. g ′ is the universal coupling constant between baryons (B) and pseudoscalar mesons (P). α is a parameter obtained from the coupling constants of D-type and F-type interactions of P and B and value is taken to be 0.64 [32] .
To consider the vector mesons in the interactions of baryons and pseudo scalar mesons, vector mesons are treated as gauge particles and taken care by replacing partial derivative ∂ µ with covariant D µ , where
and g is the other universal coupling constant that tells about the strength of vector meson interaction with pseudo scalar mesons and baryons [31] . For details refer [26] . Assuming S U(3) invariant tensor interactions of D and F type, the interaction lagrangian then can be written as,
where g t is the universal tensor coupling constants and obtained from the empirical values of coupling of ρ − N tensor interactions given by g t ρNN = 19.8 [33] . m represents the degenerate baryon mass. It may be noted that the contributions from the axial vector mesons a 1 (1260) and K 1 (1270) are expected to be small because of their masses and hence not considered in this work.
The cross sections for the strangeness exchange reactions KΛ → πΞ,KΣ → πΞ have been calculated considering the amplitude in the Born approximations using coupled channel approach [31] . Finite size effect of the hadrons at the interaction vertices have been taken care by considering monopole form factor.
The cross sections are given by [34] σK Λ→πΞ = 1 4
where, | MK Λ→πΞ | 2 = 34.7
7 with p i denoting the centre of mass momentum and s 0 = i m i is the threshold energy and m i are masses of incoming particles. The inverse reactions from the principle of detailed balance are obtained as
Similarly, the cross sections for YY → NY: ΛΛ → NΞ, ΛΣ → NΞ, ΣΣ → NΞ are as follows;
Above parametrisation is valid for 0 < (
which is allowed for our calculation. The calculations are only in the Born approximation. The other category of reactions producing cascade isKB → KΞ orKN → KΞ. Their cross sections were measured experimentally [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] and recently compared with a phenomenological calculation in [45] and the parameterised cross sections of isospin channels have been used here.
mb. (7) Averaging over isopin channels one can have the cross section forKN → KΞ channel as
The parametrisation here is valid within 0
The Ξ productions from other important category of reaction is BB → ΞΞ i.e. pp → Ξ − Ξ + and pp → Ξ 0 Ξ 0 . The cross section has been calculated using quark gluon string model (QGSM) and compared with experiment [28] . The cross sections of two isospin (outgoing) channels are related as follows, σp p→Ξ + Ξ − = 16σp p→Ξ 0 Ξ 0 where,
Here the cross section of Ξ production is related to the cross section ofpp →ΛΛ. The parameter Λ 1 appearing in the Eq. 9 is the slope of the differential cross section ofpp →ΛΛ and the value is taken to be 9 GeV −2 [28] . For the other factor appearing in the exponent please see [26, 28] .
Cross sections for Ω production
Following channels are considered for Ω productions.
The reactions like ΞY → ΩN,KΞ → Ωπ although produce Ω but we don't have a clear understanding of the production cross section. However some authors mention that the production is likeKN → πY [46] but the necessary experimental coupling is missing. Similarly authors in [47] [47] using the cross section from PYTHIA simulation. The parameterised cross section is as follows, (10) where a 0 = 0.155591, a 1 = −0.0473326, a 2 = 0.00362302, a 3 = −0.29776, a 4 = 0.917116. The momentum is in lab frame and p lab varies from 1.011 to 6.55 GeV. The cross section is in mb. Here lab momentum (p lab ) varies from 1.033 to 5.351. The cross section from the annihilation of p-p is given as follows [28] .
where
For details see [26] . Out of these four channels the proton antiproton producing omega channels is the primary omega producing channel and the rest three channels are secondary channels.
Cross sections for other strange hadrons
The productions of other strange mesons, single strange baryons as follows ππ
are considered simultaneously to calculate the multi strange baryons. The cross sections are described in [16, 24, 25, [27] [28] [29] [30] . 
Rate of production
We consider the thermal rate for the above binary interactions for strangeness production and evolution in hadronic matter. The rate R at a temperature T for a particular channel of reaction of type a + b → c + d, is given by [6, 48] ,
T , σ is the cross section of particular channel of consideration and m a , m b are incoming masses.
Strangeness evolution in Hadronic Medium with secondary productions
The evolution of Ξ and Ω and their yield in terms of number density are studied using momentum integrated Boltzmann equation or rate equation for a hadronic medium. The equations for all strange hadrons are mentioned below. Each rate equation contains several production terms according to various reaction channels and a dilution term due to the expansion of the system. Pions which contribute maximally to the total entropy of the system provide the thermal background where the strange hadrons are assumed to be away from equilibrium initially. The hadronic system evolves as the temperature falls. The rate equations are as follows. Along with the rate equations the evolution of baryonic chemical potential and temperature have also been considered with relativistic bjorken hydrodynamic expansion [49] and the chemical potential has been constrained with the values obtained from statistical hadronization model.
Results
The rate, R(= σv ) of multi-strange hadron productions have been evaluated for all mentioned channels considering the cross sections mentioned in earlier section. The cascade production rates are displayed in Figs. 1 & 2. The rates from ΛΛ → NΞ, ΛΣ → NΞ, ΣΣ → NΞ do not vary much with temperature. The cross sections for these reactions decrease very slowly with the centre of mass energy of the colliding channel ( Eq. 6) beyond the threshold, while the centre of mass energy increases slowly with the temperature within the range where thermal rates have been shown. Hence the rates for these reactions appear to be constant (although slightly increase with temperature) when the Boltzmann factor is considered. However, it is found that contributions from ΛΣ interactions is 7-8 times larger than ΣΣ and 2-3 times larger than ΛΣ.
The rate fromKΣ → πΞ is found to be more thanKΛ → πΞ andKN → KΞ as shown in the plots displayed in Fig.2 . The rates fromKΣ andKN are also found not to vary much within this temperature range. The production from KΩ → πΞ does not contribute much as shown in Fig. 2 . ΛΣ → NΞ is the dominant channel for cascade productions and the net cascade yield is decided by Λ, Σ and K interactions. The rate of Ξ and Ω productions from non strange hadrons as initial channels are less compared to strangeness exchange reactions as their cross sections are less. One can have the information from the comparison of the production from the channels pp → ΞΞ and ΛΛ → NΞ orKΛ → πΞ. The rate of production in case of pp → ΞΞ is 10 6 times less. The omega productions from πΞ → KΩ,KΛ → KΩ,KΣ → KΩ and pp → ΩΩ are shown in Figs. 3 &4 . The contribution of πΞ → KΩ is the dominant one as the threshold is less compared to other channels and the pion abundance is more.
Cascade and omega yields have been calculated from momentum integrated Boltzmann transport equations which considers the production and evolution of of all strange hadrons simultaneously. Yield of these particles are normalized with thermal pions. The study has been done for various initial conditions. The initial number densities of strange hadrons are unknown parameters and considered to be away from equilibrium value initially. A hadronic system is assumed to be started at T c =155 MeV, a value taken from the recent first principle calculation of quantum chromodynaimcs based on lattice computation [50] The filled symbols are data measured by ALICE collaboration and taken from [1] [2] [3] and the solid line is the result of theoretical calculation. Higher freeze out temperature is considered for higher multiplicity in scenario-I and the values have been tabulated in table 1. The ratios of (Ω − + Ω + )/(π + + π − ) are explained quite successfully for all multiplicities with this initial condition. The ratio of (Ξ − + Ξ + )/(π + + π − ) are also explained apart from the last data point for multiplicity dN ch /dη=1447.
Similarly, in Scenario-II, initial cascade and omega number densities are 40% away from the equilibrium value and the system is then allowed to evolve with Boltzmann equation. Here the results are analysed with a constant freeze out temperature T F =144 MeV for all multiplicities. But the evaluation does not reproduce the data. It is interesting to note that even we consider the initial densities to be 20 % away from equilibrium value as we have considered in scenario-I, but with T F =144 MeV for all multiplicities, it doesn't explain the data which is depicted as scenario-III in Fig.5 .
The results have also been obtained for constant T F =154 MeV as there is a thermal model prediction which has been pointed out in the literature (Fig.4 of the article) published by Adam et al. for ALICE collaboration [51] . In this case, strange initial densities are assumed to be 40% away from the equilibrium values. This is depicted as Scenario-IV in Figs. 7 & 8. Here the yield ratio of Ξ, Ω to π remains almost constant with multiplicity and explains the data excluding the measurement for the lowest multiplicity. This scenario is one of the realistic scenarios explaining the data, which almost generates similar value of the yield ratio for various multiplicities. This is because the cascade rates of production are almost constant with temperature. If we can notice the data carefully, then it is obvious that the variation of the yield ratio is not much with multiplicity. Finally, scenario-V considers the initial condition with different freeze out temperature which explains the data nicely with initial number densities 20% away from equilibrium values and plotted in Fig.8 .
The velocity of sound given by c 2 s =1/5 is consiedred for the above calculations. Considering c 2 s =1/3 through out the evolution, the yields for cascade and omega have also been calcu- 
Summary
The Ξ & Ω productions have been evaluated microscopically for the first time for Pb-Pb collisions at √ s NN =2.76 TeV using rate equation considering cross sections from various possible hadronic interactions. The details of the cross sections are discussed referring available literatures, where most of them are constrained with experimental observations. The thermal rates for multi strange hadrons are evaluated and the yields have been calculated for various initial conditions using rate equations. One set of initial conditions that explain the data of omega suggests that the ratio of the yield of multi strange hadrons to pions decreases with multiplicity that is when one moves from central to peripheral collisions or from a region of larger overlap to a region of smaller overlap of the colliding nuclei and it prefers a lower freeze out temperature at smaller multiplicity(scenario-I). However it fails to reproduce the cascade data. Calculation with a constant freeze out temperature T F =154 MeV and initial densities 20% away from the equilibrium values (scenario-IV) also explains most of the data points putting a question mark on the similarity of systems produced in different colliding energies with same multiplicity. The condition that fit both the cascade and omega data simultaneously (scenario-V) assumes the freezeout temperature to increase with multiplicity and then to decrease. This motivates to go for an investigation for small systems with similar multiplicities. It has been observed that, the calculation with c 2 s =1/3 fails to reproduce the data, which basically overestimates for all multiplicities. The yield depends strongly on velocity of sound. When the calculation is extended to analyse K, Λ, Σ productions, a two-freeze-out scenario is emerged for Pb-Pb collisions at LHC energy [26] .
This article with microscopic calculation will provide a guidleine to the key question that whether the systems produced in different colliding energies with similar multiplicty are similar are not, which may be addressed in future work.
